Abstract -Theory p r e d i c t s t h a t the e l e c t r o n energy d i s t r i b u t i o n f u n c t i o n (EEDF) o f a high frequency, low pressure plasma i s m o d i f i e d when the farameter v/w i s greater ( r a d i o frequency, "RF" case) o r l e s s (microwave, MW" case) than u n i t y (v i s the e f f e c t i v e average electron-neutral c o l l is i o n frequency f o r momentum t r a n s f e r ) .
INTRODUCTION
I t i s now w e l l accepted t h a t parameters such as gas pressure, f l o w r a t e and composition, r e a c t o r design and power density deposited i n the plasma, can s t r o n g l y i n f l u e n c e a given plasma etch o r deposition process. However, the s i t u a t i o n i s q u i t e d i f f e r e n t regarding the a c t i o n o f t h e a p p l i e d f i e l d frequency f ( = w/271) f o r high frequency (HF) sustained plasmas: some authors f e e l t h a t t h e r e i s no frequency e f f e c t o r t h a t i t i s n e g l i g i b l e , some p r e f e r t o ignore the question t o obviate the need t o redesign o r optimize t h e i r reactor, w h i l e among those who accept t h a t f plays a r B l e i n plasma processing, t h e r e are c o n t r a d i c t o r y statements as t o i t s exact influence. mental information and i n s u f f i c i e n t plasma modeling. Manufacturers' conservatism, u n t i l very r e c e n t l y , i s i l l u s t r a t e d by the f a c t , as noted by Flamm ( r e f . 11, t h a t equipment was designed t o operate a t one o r the other o f a few FCC l i c e n s e d i n d u s t r i a l frequencies (e.g. 13.56 MHz), and t h a t consequently f has only r a r e l y been f i g u r e d i n t o t h e design o f apparatus f o r process applications. To our knowledge, t h e r e i s p r e s e n t l y no commercial r e a c
t o r w i t h p r o v i s i o n s f o r process o p t i m i z a t i o n by varying f. I n f a c t , the i n t e n t i o n a l e x p l o i t a t i o n o f t h i s v a r i a b l e as a process parameter f o r e t c h i n g o r deposition i s a recent l i n e o f research, as i n d i c a t e d by t h e contents o f two review papers on the s u b j e c t ( r e f s . 1,2).
There e x i s t various types o f physical phenomena t h a t can be responsible f o r frequency e f f e c t s i n process plasmas. Yhen considering f 10 o r 20 MHz, one can ignore lower frequency phenomena such as the ion-sheath t r a n s i t e f f e c t s ( r e f . l ) , and one can p o i n t t o two remaining important frequency-dependent phenomena: m o d i f i c a t i o n s t o the shape o f t h e e l e c t r o n energy d i s t r i b u t i o n f u n c t i o n (EEDF) ( r e f . 21, and changes i n t h e s p a t i a l d i s t r i b u t i o n o f the HF f i e l d i n t e n s i t y . The l a t t e r e f f e c t , which e v i d e n t l y has bearing on the s p a t i a l d i s t r i b u t i o n s o f e x c i t e d species, f o r example chemically a c t i v e precursors, i s the o b j e c t o f d e t a i l e d d i scussions i n recent work by Ricard e t a l . ( r e f s . 3-61. The former phenomenon, p a r t i c u l a r l y i n v e s t i g a t i o n o f the dependence o f the EEDF on v/w ( r e f s . 2,7) (v i s the e f f e c t i v e average electron-neutral c o l l i s i o n frequency f o r momentum t r a n s f e r ) i s connected w i t h energy s e l e c t iv i t y w i t h i n the m u l t i t u d e o f chemical r e a c t i o n s o c c u r r i n g i n t y p i c a l process plasmas. I n t h e present paper, we review experimental observations, mostly from our own l a b o r a t o r i e s and a l l r e l a t i n g t o t h i n f i l m deposition studies, which appear connected w i t h changes i n the EEDF as v / w i s varied. Films have been characterized as t o t h e i r s t r u c t u r e s and r e l e v a n t physicochemical properties; when s i g n i f i c a n t property v a r i a t i o n s occurred w i t h varying f , these are s p e c i f i c a l l y emphasized.
This s i t u a t i o n can r e a d i l y be explained by i n s u f f i c i e n t e x p e r i -
EXPERIMENTAL (APPARATUS FOR VARYING FREQUENCY)
A major problem when performing frequency-dependent investigation i s to ensure t h a t truly the only external parameter being varied i s the applied frequency. There now exist a large variety of surface wave launchers (refs. 11-14) which allow one t o operate in the RF as well as in the microwave frequency range, a t power levels ranging from a hundred watts t o kilowatts with discharge tube diameters ranging from 0.5 mn t o 150 m (demonstrated). The operating conditions can be chosen, or the launcher tuned, so t h a t only the azimuthally symmetric mode of propagation i s excited, yielding a plasm column w i t h propert i e s which are independent of the particular launcher used. Figure 1 shows the surface wave discharge setup used for the plasma polymerization experiments. The discharge tube i s a cylindrical pyrex tube (61 mn i.d.1 and the substrate holder ( a quartz crystal mass detector) i s oriented perpendicularly t o the wave propagation direction. The plasma column length depends on the HF power supplied t o the wave launcher; the power can be s e t so t h a t the plasma barely reaches the substrate while, for larger power levels, the wave will be totally reflected a t the substrate, increasing the plasma density on i t s way back toward the launcher. around the substrate, producing plasma beyond the substrate producing plasma beyond the subst r a t e . the plasma occupying a constant volume, as the plasma column was maintained between the subst r a t e holder location and the launcher.
Such plasma columns can be sustained with the For s t i l l larger power, part of the wave power flows
The experiments reported hereunder were performed under reflection conditions, with 1 Mass flow controllers; 2 surface wave launcher; 3 microbal ance readout u n i t ; 4 low-pass f i l t e r ; 5 capacitive vacuum gauge; 6 monomer injector; 7 microbalance quartz crystal detector (substrate); 8 plasma.
Plasma system based on the surface wave technique. vacuum s e a l ; slow wave microwave applicator; input and output waveguides; RF generator and matching network.
Fig. 2.
Plasma system based on LMP: ( a ) microwave ("MW") mode system, operating a t 2.45
GHz; (b) radiofrequency ("KF") rode system, operating a t 13.56 MHz.
Plasma apparatus based on LMP (large volume microwave plasma)
Figure 2 shows a second reactor system f o r frequency-dependent studies; unlike t h a t discussed in section 2.1, i t has been used only a t t;wo industrial frequencies, namely 13.56 ("KF") and 2450 MHz ("MW").
Figure 2 ( a ) shows t h i s bell j a r " type of reactor i n the " M i " mode; as i t has already been described elsewhere ( r e f . 151, only the most important features are d i scussed here. The reactor vessel consists of a 23 cm diameter, 19 cm high Pyrex cylinder with a s t a i nl ess steel top plate incorporating a1 1 the required access connections ( r o t a t i n g vacuum seal f o r the sample holder and e l e c t r i c a l feedthroughs f o r i t s heater, connection t o the turbomolecular pump, Baratron vacuum gauge, gas i n l e t from the electronic mass flow meters, e t c . ) . The bottom of the reactor consists of a 27.5 cm diameter, 1.3 cm thick fused s i l i c a "window" through which microwave energy i s supplied t o the plasma from the 30 cm long s t r a pped-bar slow wave structure ( r e f . 16). Substrates t o be coated a r e mounted facing downward on the underside of the heated sample holder (15 cm diameter), the distance of which t o the s i l i c a window p l a t e can be adjusted v e r t i c a l l y . Usually t h i s spacing i s 4 cm, so t h a t the total plasma v o l u n~ in the contained space i s about 1600 c d .
Figure 2 ( b ) shows t h i s reactor system in the "RF" mode of operation; t h i s modification i s accomplished with ease by removing the microwave applicator and replacing the s i l i c a glass \Mindow by a polished s t a i n l e s s steel plate of the same dimensions. This metal plate i s elect r i c a l l y connected t o the 13.56 MHz power supply and matching network, and thereby becomes the "powered" electrode of a capacitively coup1 ed discharge system, the "grounded" electrode being the sample holder (which, along witn the metal top p l a t e and a l l the remaining p a r t s , i s a t ground potential ). Consequently, among a l l the external plasma variables lnentioned i n the Introduction, in t h i s experiment, f as well as the sheath p o t e n t i a l , a r e varied in changing from configuration 2 ( a ) t o 2 ( b ) . Comparing the RF electroded configuration with an electrodeless MW discharge i s important, as i t corresponds t o the two most commonly used types of discharges. However, one must bear in mind t h a t the influence of sheath-induced ion bombardment in t h e case of the clectroded reactor introduces an additional parameter i n t o frequency comparison. with the appropriate power supply and matching network, b u t t h i s has not y e t been done.
Evidently, 2 ( b ) could be operated over a r e l a t i v e l y broad RF frequency range
Characterization of thin film deposits
So f a r the principal use of apparatus described i n section 2.1 has been t o study the deposition ltinetics of hydrocarbon and fluorocarbon plasma polymers ( r e f s . 17,18), although systematic investigations of resulting film c h a r a c t e r i s t i c s have commenced.
Apparatus described in section 2 . 2 , on the otner hand, i s used continually f o r depositing various thin film materials, which are then carefully characterized by a variety of physical a n d chemical techniques, depending on t h e i r end use. Families of thin film materials which have been thus prepared and studied are 
RESULTS A N D DISCUSSION
The results presented here are primarily concerned with i l l u s t r a t i n g the effect of f upon deposition kinetics of various thin film materials mentioned above. Where appropriate, characterization data are also presented.
Organic materials (plasma polymers)
Probably the most conclusive demonstration so far of frequency-dependent effects in low pressure HF plasma processing i s the work of Claude e t al. (refs. 17,181 on plasma polymerization of hydrocarbon and fluorocarbon monomers. Figure 3 shows a plot of l o g ( R / P ) vs. f for isobutylene ( I B , upper curve) and perfluorocyclobutane (PFCB, lower curve), where R i s deposition rate (in A min' l I t must be emphasized that under the conditions of the experiment, plasma volume was constant, so that P i s proportional t o power density in the plasma: the full circles and cross symbols on the upper p l o t , which pertain to different power values a t any given frequency, clearly indicate t h a t the observed effects are due only t o variation of f (pressure, flow rate, and other pertinent parameters having been kept constant throughout). Figure 3 reveals a number of important features:
IB curve clearly displays two plateaus, one a t low frequencies ( f 6 30 MHz), the other a t high frequencies (f > 100 MHz), the R/P value of the former being about a factor of 5 lower t h a n the l a t t e r . In the case of PFCB, there i s a plateau for f > 100 MHz, b u t R/P s t i l l appears t o be decreasing a t the lowest frequency ( 1 2 MHz) investigated here. The most s t r i ki n g and important feature of t h i s plot, however, i s the fact t h a t the transition region between the RF and "microwave" plateaus appears t o be centred a t v/w 2 1 , in agreement with the theoretical model as t o the role played by the EEDF (refs. 2,7).
In Figure 4 , results for PFCB are presented in a plot of composite parameters R/FM vs. P/FM, as f i r s t proposed by Yasuda ( r e f . 22), F and !.I being flow rate and molecular weight of tine ;onomer, respectively.
low" frequencies, respectively, while the hatched region pertains to the 10 kHz data of Gazicki and Yasuda ( r e f . 23) for various fluorocarbon monomers. If we consider an (imaginary) envelope curve connecting the maxima of the solid curves with i t s counterpart for the broken curves, the "microwave" d a t a are again about 5 times higher than the "low" frequency data, for a given P/FM value (e.g. 108 J/kg). The horizontal s h i f t along the abscissa (by a factor of about 3) between Gazicki's and Claude's "low" frequency data i s due t o the f a c t t h a t the experiments were carried o u t in very different reactor geometries, beside other differences in experimental methodologies. For more details, the reader i s referred t o the respective references. Composite plot of data derived from the present work, and t h e i r comparison with r e s u l t s from the l i t e r a t u r e . as described i n the t e x t . Full symbols r e l a t e t o the present sample s e r i e s (see t e x t ) : 0 "A", T = 25°C; R "B", T = 100°C; + " C " , T = 200°C; A "D", T = 250°C.
Other symbols: 0 Sinha,(24); x and + Kaganoricz(24), 400W and lOOW, respectively.
The abscissa i s log ( r a t i o of N% t o S i ; t flowrates),
Inorganic materials
I n t h i s sectron, we report frequency-dependent r e s u l t s r e l a t i n g t o amorphous hydrogenated silicon films (a-Si:H) prepared from silane/argon (SiY, /Ar) gas mixtures, and to "plasma s i l i c o n n i t r i d e " (P-SiN : actually a-SiN,: H) films prepared from silane/arnmonia (SiY, / I q ) gas mixtures. Finally, turning t o a-Si:H, we have recently prepared many samples in the apparatus of Fig.  2 . The objective was t o fabricate thick films with l a r g e photoconductivities, f o r application in electrophotography. Samples were characterized by measuring e l e c t r i c a l conductivity i n a planar gap configuration, in the dark (ad) and under simulated A M 1 illumination (aAM1)' Table 1 shows a typical selection of r e s u l t s which are relevant to the present discussions: samples a and c were pre ared in tne "RF" mode [ Fig i s between one and two orders of magnitude higher f o r the "RF" sample materials than or t e i r "MW" counterparts. The former observation once again confirms the above-illustrated enhancement by about an order of magnitude which r e s u l t s froin plasma deposition i n the 'Irnicrowave" regime (V /a cc 1). Further, i t agrees with similar observations by other workers: Curtins e t a l . ( r e f . 26) recently reported a study of a-Si:H deposition i n a capacitively coupled discharge i n pure SiY, , in the frequency range 25 6 f < 150 MHz. They found a sharp r i s e in R with increasing f , a maximum value Qax = 22 A s-l 70 MHr, followed by a gradual decrease i n R. I t i s i n t e r e s t i n g t o note t h a t t h e i r f::xfTdr= a 1s squarely within the t r a n s i t i o n region of Fig. 3 ; t h e i r subsequent drop in R, however, disagrees with our observations, and we speculate t h a t i t may be an a r t i f a c t , possibly related t o d i f f i c u l t i e s in impedance matching a t those very high frequencies. Hudgens and Johncock ( r e f . 27) found even higher R values a t f = 2450 MHz than the ones we report in Table 1 , namely 7 100 A s-l, b u t t h e i r feed gas was a (SiY,/SiF,,) mixture.
Regarding the higher (a /ad) r a t i o s obtained for RF produced a-Si:H (see Table l ) , we feel t h i s i s related t o ion l%bardment resulting froin the plasma sheath(281, which is substant i a l l y enhanced i n the electroded configuration of Fig. 2(b) . 
